Recent work suggests that there may exist skill in forecasting tropical cyclones (TC) using dynamically based ensemble products, such as those obtained from the ECMWF Monthly Forecast System (ECMFS). The ECMFS features an ensemble of 51 coupled ocean-atmosphere simulations integrated to 32 days once per week. Predicted levels of TC activity in the North Atlantic Ocean with these monthly ensemble forecasts is compared with the observed variability during the months of June-October during 2008 and 2009. Results indicate that the forecast system can capture large-scale regions that have a higher or lower risk of TC activity and that it has skill above climatology for the Gulf of Mexico and the ''Main Development Region'' on intraseasonal time scales. Regional forecast skill is traced to the model's ability to capture the large-scale evolution of deep-layer vertical shear, the frequency of easterly waves, and the variance in 850-hPa relative vorticity. The predictability of TC activity, along with the forecast utility of the ECMFS, is shown to be sensitive to the phase and intensity of the Madden-Julian oscillation at the time of model initialization.
Introduction
Developing skillful tropical cyclone (TC) forecasts using statistical (e.g., Leroy and Wheeler 2008) and dynamical models (Bessafi and Wheeler 2006; Vitart 2009 ) on intraseasonal time scales has become an active research topic in recent years. Statistical methods have attempted to extract forecast predictability from the Madden-Julian oscillation (MJO)-a convectively coupled mode of tropical atmospheric and oceanic variability that projects most strongly on the 30-60-day time scale (Madden and Julian 1971, 1994; Wheeler and Kiladis 1999) . Maloney and Hartmann (2000a,b) showed that when the MJO is in its westerly, convectively active phase over the eastern North Pacific and western North Atlantic Oceans, TC activity across the Gulf of Mexico and western Caribbean Sea is enhanced. Suppressed TC activity is found to occur with the reverse orientation of the MJO: when it is in its easterly phase and its associated convective suppression is in the eastern Pacific. Maloney and Hartmann attributed this variability in TC activity to a modulation of deep-layer (850-200 hPa) westerly wind shear, whereas Camargo et al. (2009) showed that atmospheric column moistening due to the coupling of increased large-scale ascent and enhanced low-level absolute vorticity can explain the observed change in TC frequency.
Variability in the West African monsoon and the Atlantic intertropical convergence zone (ITCZ) have also been shown to impact the intraseasonal variability of TCs in the tropical Atlantic (Maloney and Shaman 2008) . Generally, TC activity in the eastern North Atlantic is suppressed (enhanced) 5-10 days before (after) a maximum in intraseasonal precipitation across the West African monsoon region. Maloney and Shaman attribute the modulation of TC activity to variations in vertical wind shear, where a difference of more than 6 m s 21 was found between active and suppressed precipitation periods. Since the MJO regulates roughly 30% of the total variance in the intraseasonal precipitation anomalies across the region, Maloney and Shaman find that the MJO modulates the regional vertical wind shear variations to a large degree as well.
Although Maloney and Shaman' s results support the TC-vertical wind shear relationship found on longer time scales (i.e., interannual to multidecadal; Landsea and Gray 1992; Goldenberg et al. 2001; Bell and Chelliah 2006) , additional factors are likely relevant to TC variability on intraseasonal time scales, such as variations in African easterly waves (AEWs). While easterly wave activity on interannual time scales is weakly related to TC frequency in the so-called Main Development Region (MDR; Frank 1975; Thorncroft and Hodges 2001; Hopsch et al. 2007) , it is hypothesized that variations in AEW activity modulate enhanced or suppressed periods of tropical cyclone activity in the North Atlantic on intraseasonal time scales. This hypothesis is in keeping with Maloney and Shaman (2008) , who provide evidence that AEW activity may be an important factor on intraseasonal time scales, as their regression analyses of eddy vorticity and winds during intraseasonal periods of strongest eddy kinetic energy produced structures resembling AEWs with zonal wavelengths of 2500 km and a southwest-northeast tilt with latitude.
To explore how phasing of the MJO impacts tropical cyclone frequency in the European Centre for Medium-Range Weather Forecasts (ECMWF) Monthly Forecast System (ECMFS), Vitart (2009) conducted hindcast experiments from 1989 to 2008 using an ensemble of 15 members that were initialized on the 15th of each month and run for 46 days. Using the Wheeler-Hendon (2004) MJO index, the model simulations showed an increase (decrease) of TC activity across the Atlantic during MJO phases 2-3 (6-7), which is in qualitative agreement with observations, but with a weaker MJO impact than is seen in observations. Vitart (2009) also showed that MJO phasing projects onto the risk of landfall, as determined by the accumulated cyclone energy over land, with MJO phases 2-3 leading to higher risk of landfall than MJO phases 6-7. Although Vitart's study highlights the ability of the dynamical-modeling system to produce intraseasonal TC variability based on MJO phasing in agreement with observations, additional work is required to understand the predictability of TCs on intraseasonal time scales and the current limitations of these extended forecasts.
In this study, we evaluate the forecast skill of TC predictions for the tropical North Atlantic using the ECMFS. Since the ECMFS can reproduce the observed variability of the MJO realistically through 3 weeks (Vitart 2009) , it is expected that this system is capable of reliably identifying periods in a forecast cycle that should portend higher or lower TC activity than normal. After introducing the data and method, results from the ECMFS during the 2008 and 2009 Atlantic hurricane seasons are presented along with findings of a predictability analysis of the large-scale environment. A summary of the potential implications from this research is given in section 4.
Data and methods
This study examines North Atlantic tropical cyclones and the large-scale environment within which they are embedded for the period June-October of 2008-09. The analysis employs forecasts from the ECMFS, the ECMWF Re-Analysis (ERA)-Interim dataset, and observations of tropical cyclone tracks from the Hurricane Database (HURDAT).
HURDAT consists of 6-h location coordinates and maximum intensity estimates of tropical or subtropical systems that obtained tropical storm strength or greater and is updated annually by the National Hurricane Center (Neumann et al. 1999) . For this analysis, we isolate the 6-h location coordinates for each tropical cyclone when the system was of tropical depression strength or greater. The ECMFS is an extension of the Variable Ensemble Prediction System (Buizza et al. 2007) , which consists of 50 perturbed members plus a control simulation of the ECMWF general circulation model at TL399 (horizontal resolution about 50 km) with 62 vertical levels for the first 10 days. For days 11-32, the model integrations occur at a reduced TL255 spectral truncation or a horizontal resolution of 80 km. At day 10, the atmospheric model is coupled to the Hamburg Ocean Primitive Equation model, which has 29 vertical levels, a zonal resolution of 1.48, and a meridional resolution that varies from 0.38 near the equator to 1.48 poleward of 308. To represent the uncertainty in initial conditions, ensemble perturbations are constructed using singular vectors, which capture the fastest-growing errors in the first 48 h (Buizza and Palmer 1995) , and stochastic perturbations are added during the model integration to account for the uncertainty in parameterized physical processes. Five additional singular vectors are computed and perturbed in the six grid spaces enclosing each TC using a diabatic, adjoint version of the ECMWF global atmospheric model at TL42 spectral truncation with 42 vertical levels Puri et al. 2001) .
To identify tropical cyclones in the model analysis and forecast fields, a TC tracking scheme based on Vitart et al. (1997) is used. The scheme locates maxima of 850-hPa relative vorticity greater than 3.5 3 10 25 s 21 along with local minima in sea level pressure. The thermal structure from 500 to 200 hPa is then determined to confirm that a warm core center is in proximity with the identified TC center (#28) and that the temperature from the warm-core center decreases outward by at least 0.58C within 88 latitude distance. The purpose of imposing this warm-core requirement is to ensure that extratropical cyclones are not included in the TC tracking results. The TC intensity at 12-h intervals is determined using the maximum 850-hPa wind speed.
After applying the tropical cyclone tracking scheme to the output from the ensemble forecast system, gridded probabilistic forecasts are constructed by translating the ensemble tropical cyclone tracks for a particular time period onto a 0.258 3 0.258 grid. The local probability is determined by first summing the number of unique ensemble member tracks that are located within 2.58 of each grid point, and then normalizing by the total number of forecast runs (i.e., 51). To evaluate the skill of the probabilistic forecasts, gridded track observations are constructed in a manner that is similar to that of the probability forecasts. Observed TC tracks for a specified time period (e.g., the full 32 days) are transferred to the same regular grid as the probability forecasts. A value of 1 or 0 is given to each grid point if a TC was found or not found within 2.58 of that site. The 2.58 threshold was selected to ensure some measure of spatial homogeneity in the forecast skill assessment since the number of unique monthly forecasts is limited to only the 2008 and 2009 summer seasons.
In addition to tracking TCs in the ECMFS, we analyze the trajectory and intensity of African easterly waves using a Hovmö ller method developed by Agudelo et al. (2010) . The easterly wave tracking algorithm uses 2-6-day Fourier-filtered, westward-moving 850-hPa relative vorticity for the latitudinally averaged band of 58-158N. Based on the timing and location of the local maximum of 850-hPa relative vorticity that passes across 208W, a recursive algorithm is applied to identify the longitudinal extent of the easterly wave as a function of time. For this analysis, the impact of the forecast frequency of AEWs on the predicted levels of tropical cyclone activity in the ECMFS will be evaluated.
To assess the predictability of TC activity in the ECMFS on intraseasonal time scales, we use the Brier skill score (BSS), relative operating characteristic (ROC), and the reliability diagram. The BSS measures the accuracy or relative skill of a forecast over climatology by predicting whether or not an event will occur in comparison with observations and is defined as
where N is the number of forecasts, i is the ith forecast, p is the forecast probability, d is a value of 1 or 0 depending on whether the event occurred, and BS ref is the Brier score of climatology (Brier 1950; Wilks 1995) .
Since other performance measures may reveal higher forecast skill than the BSS (Mason 2004) , we also use ROC scores and reliability diagrams in the verification analysis. The ROC is a comparison of the hit rate and false-alarm rate for a set of increasing probability thresholds and is therefore an assessment of the forecast skill conditioned on the observations. The hit rate, or the probability of detection, is the proportion of all forecasts for which a forecast warning was issued correctly, and the false-alarm rate, or the probability of false detection, is the proportion of all forecasts for which a forecast warning was issued and did not occur along with the number of correction rejections (Wilks 1995; Mason and Graham 1999) . The area under the ROC curve, known as the ROC score, is a value from 0 to 1, where 0.5 indicates no forecast skill and a value of 1 is a perfect forecast system (Mason and Graham 1999) . Besides assessing the forecast performance conditioned on the observations, we also evaluate the reliability of the forecasts by determining how well observations correspond to each forecast probability category. The conditional bias is shown graphically through the reliability (or attributes) diagram in which high reliability is indicated by close proximity to the diagonal (Wilks 1995) .
Results and discussion
Tropical cyclone activity predicted from the ECMFS is compared with TC climatology for the forecasts initialized on 7 and 14 August 2008 (Figs. 1a, b) . For the 7 August 2008 forecast, lower-than-normal TC activity was projected to occur across much of the North Atlantic. However, the monthly forecast issued just 1 week later indicated that the subsequent 32-day forecast period would be very active, especially across much of the northern MDR (108-208N, 208-608W) and the Greater Antilles. Observations from HURDAT for this time period indicated that five TCs developed (i.e., Tropical Storm Fay, Hurricane Gustav, Hurricane Hanna, Hurricane Ike, and Tropical Storm Josephine) and moved through the tropical North Atlantic region that was forecast on 14 August 2008 to see higher-than-normal TC activity but that 1 week prior was forecast to be below normal.
To explain the weekly variability in predicted levels of TC activity in the ECMFS, we hypothesize that both the phasing (Vitart 2009) and the amplitude of the MJO modulates the projected levels of TC activity in the model and ultimately regulates which intraseasonal predictions will be more skillful than others. In the case of Fig. 1a (7 August 2008), the MJO projection onto the Wheeler-Hendon phase space was weak and centered in the Indian Ocean. However, the convectively active phase on 14 August 2008 was strong and remained centered in the Indian Ocean, which provides anecdotal evidence of this forecast sensitivity. This hypothesis is evaluated more formally in section 3c.
a. Skill of the monthly forecast system
To provide an evaluation of the ECMFS skill, spatial BSSs are shown in Figs. 2a-d for all of the monthly forecasts produced weekly from June to October during 2008 and 2009. For each composite, the reference forecast is the climatology of tropical cyclone activity from 1970 to 2000 using HURDAT and varies based on the specific time period covered by each monthly forecast. To show the temporal sensitivity of the forecast skill, the analysis for the monthly forecast period is divided by the number of weeks in advance (e.g., week 1 includes forecast days 1-7, week 2 includes days 8-14, week 3 includes days 15-21, and week 4 includes days 22-28). [Note that the ECMWF defines weekly periods differently so that the full 32-day forecast is covered by a 4-week period with the same model resolution (Vitart et al. 2008 ).] From Figs. 2a and 2b, it is seen that the ECMFS produces skillful predictions of tropical cyclone activity across much of the tropical North Atlantic including the MDR (108-208N, 208-608W), west Atlantic (208-358N, 608-908W), northern Caribbean Sea, and the Gulf of Mexico. For week 3, the regions of positive BSS narrows and is focused in the southern Gulf of Mexico and central MDR. By week 4, the central MDR is the only region of the tropical North Atlantic that features skill above climatology. Finding skill especially for weeks 3 and 4 in the MDR is surprising since the major source of predictability beyond 2 weeks is the MJO, and the observed impact of MJO variability on TC activity is focused in the Gulf of Mexico and western Caribbean Sea (Maloney and Hartmann 2000a,b; Klotzbach 2010) . Possible explanations for this long-lead forecast skill in the central MDR are provided in section 3b.
Consistency of the probabilistic forecasts is investigated using the reliability diagram along with the occurrence frequency of each forecast probability level (Fig. 3 ). The ECMFS overforecasts (i.e., TC forecast probabilities too high) for all probability levels and across all weekly periods. Although the composite reliability of the week-1 forecasts increases linearly as the forecast probability level increases, the composite reliability of the week-2-week-4 forecasts reaches a plateau near 40%-50% and only agrees with observations approximately 20% of the time. Since the occurrence frequency of forecast probability levels rarely exceeds 50% for these longer-lead-time forecasts (i.e., weeks 2-4), it is unclear whether this reliability plateau represents a dynamical predictability limit or is due simply to an insufficient sample size of monthly forecasts. Unlike a climatology forecast that provides no resolution (Wilks 1995) , the ECMFS provides moderate resolution in that it can discriminate between TC events and nonevents across all weekly periods. The ECMFS's ROC for TC activity complements the reliability diagram. Given the spatial and temporal differences in BSS ( Figs. 2a-d) , the ROC is calculated regionally using the maximum TC forecast probability as a function of weeks in advance in four regions: the Gulf of Mexico, Caribbean Sea, west Atlantic, and MDR . Table 1 provides the regional ROC scores for weeks 1-4. The ROC scores are calculated by integrating the hit rates for each region as a function of increasing false-alarm rates. A ROC score of 0.5 indicates no forecast skill, and a value of 1.0 characterizes a perfect prediction. For the week-1 forecasts, the Gulf of Mexico, west Atlantic, and MDR have the highest ROC scores (0.85-0.87) with low false-alarm rates and high probabilities of detection as a function of increasing probability level (Fig. 4) . For the week-2 forecasts, the west Atlantic and MDR maintain moderate-to-high forecast skill with ROC scores around 0.8, while the forecasts for TC activity in the Gulf of Mexico have the largest decrease from week 1 to week 2 (from 0.85 to 0.66). For the week-3 and week-4 forecasts, ROC scores average around 0.65 for the Gulf of Mexico, Caribbean Sea, and west Atlantic with higher forecast skill in the MDR (ROC score ;0.75). Since the ECMFS ROC scores remain above 0.5 through 4 weeks, this result indicates that forecast skill exists across all regions and for all time periods considered even though the BSS analyses in Fig. 2 imply that the MDR and Gulf of Mexico are the only regions that feature forecast skill on time scales of longer than 2 weeks.
b. Predictability of the large-scale environment
Since large-scale environmental variables explain at least 50% of the total variance in TC genesis events across the tropical North Atlantic (Agudelo et al. 2010) , the predictability of the large-scale environmental flow is evaluated to explain why forecast skill utilizing the ECMFS regions of positive BSSs, high ROC scores, and moderateto-high correlation coefficients for vertical wind shear, this result suggests that forecast skill for tropical cyclones, especially in the central MDR and west Atlantic, may be due to accurate vertical wind shear forecasts. The inability of the ECMFS to reproduce the observed variance in vertical wind shear in the Caribbean Sea, as seen in weeks 3 and 4 ( Figs. 5c,d) , is tied to variability in the intensity of the tropical upper-tropospheric trough, as this region exhibits more variance in vertical wind shear than any other location in the tropical North Atlantic (not shown). Vertical wind shear is thought to inhibit TC genesis and intensification by increasing ventilation (Gray 1968 ), by modifying vertical stability (DeMaria 1996) , and by inducing changes in the secondary circulation (Bender 1997) . The relationship between vertical wind shear variations in the tropical Atlantic and TC frequency on intraseasonal time scales has been discussed by Mo (2000) , Maloney and Shaman (2008) , and Vitart (2009) .
The impact of AEW frequency on tropical North Atlantic TC predictions by the ECMFS is evaluated as a potential contributor to the intraseasonal forecast skill. The application of the modified AEW tracking scheme by Agudelo et al. (2010) to the ECMFS from 2008 and 2009 shows that the impact of AEW variability is largest for most of the MDR and throughout the Gulf of Mexico (Fig. 6a ). For these regions, about 25% of the total variance in tropical cyclone activity may be attributed to the forecast frequency of AEWs. In addition, the spatial pattern of covariability coincides with the regional locations that have skillful TC forecasts (i.e., positive BSSs and high ROC scores), which suggests that the forecast frequency of AEWs is an important component in the intraseasonal predictions of TCs in the ECMFS.
The ability to reproduce the variability in low-level relative vorticity is inherent to the predictability of the large-scale environmental flow, as ambient vorticity is a necessary condition for TC seedling growth and development especially from AEWs (Berry and Thorncroft 2005) . The correlation coefficients between the predicted variance in 850-hPa relative vorticity in the MDR and the observed variance from the ERA-Interim dataset are shown in Figs. 6b-d for the years 2008-09. During June-October 2008, the correlation coefficients drop below statistically significant values (,95% confidence level) after day 10 but then increase from 0 to about 0.45 during weeks 3-4. Whereas the predictability of the variance in 850-hPa relative vorticity for the MDR was limited to week 1 during 2008, variability in low-level 1, 2, 3, and 4 cover the days 1-7, 8-14 , 15-21, and 22-28, respectively. Shaded regions are statistically significant at the 95% confidence level using a bootstrap resampling method. relative vorticity for 2009 was much more predictable (out to 4 weeks) especially across much of the eastern MDR, which coincides with a region that had positive BSSs (Fig. 2) and moderate-to-high ROC scores (Fig. 4d ). This interannual difference may reflect the impact of the El Niñ o-Southern Oscillation (ENSO) on tropical Atlantic predictability, as El Niñ o conditions prevailed throughout much of the 2009 hurricane season, whereas ENSO neutral conditions occurred during 2008.
c. Relationship with the Madden-Julian oscillation
Forecast sensitivity to the phasing and intensity of the MJO is examined as another source of variability in the TC forecasts from the ECMFS. Mean TC probability forecasts of the ECMFS based on the location at the time of model initialization of the MJO in the Indian Ocean (phases 1-3), west Pacific (phases 4-5), and the east Pacific/Atlantic (phases 6-8) are shown in Figs. 7a-c, respectively, provided that the MJO had an amplitude of at least 1 standard deviation. Since the impact of MJO phasing in the model forecast is sensitive to the seasonal climatology of TC activity across the North Atlantic, this impact is accounted for in Figs. 7d-f , which are the mean TC forecasts after the 32-day TC climatology for each monthly prediction has been removed. When the MJO is centered in the Indian Ocean (Fig. 7a) at the time of model initialization, the ECMFS will typically predict elevated levels of TC activity during the following 32-day period in a region emanating from the MDR and stretching into the Caribbean Sea, west Atlantic, and Gulf of Mexico. If these cases are adjusted by the seasonal climatology of TCs (e.g., Fig. 7d ), the anomalous elevation in TC activity is confined mainly to the MDR and north of the Greater Antilles. For time periods during which the MJO is located in the west Pacific (Fig. 7b) , elevated levels of TC activity across the tropical Atlantic are reduced and confined to the western Caribbean and the eastern MDR. When adjusted by the seasonal TC climatology, the predicted level of TC activity across much of the west Atlantic is suppressed relative to climatology ( Fig. 7e) . When the MJO is initially located in the east Pacific/Atlantic (Fig. 7c) , elevated TC activity is confined only to the western Caribbean Sea and the southern Gulf of Mexico, which is consistent if the TC forecasts are adjusted by the seasonal climatology (Fig. 7f) . These forecast tendencies are in agreement with previous observational and modeling studies on the relationship between MJO phasing and Atlantic TC activity (Mo 2000; Barrett and Leslie 2009; Vitart 2009; Klotzbach 2010 ). If the sensitivity analysis to MJO phasing is completed for the ECMFS forecasts when the MJO amplitude is less than 1 standard deviation, no significant departure from TC climatology is found across the tropical Atlantic except for MJO phases 4-5 in which TC activity in the MDR, Caribbean Sea, and Gulf of Mexico is well below climatology (not shown). These results indicate that, in addition to MJO phasing (Vitart 2009 ), the initial amplitude of MJO at the time of model initialization also modulates which regions of the tropical Atlantic will have enhanced or suppressed TC activity.
From an operational perspective, knowing how the predicted levels of TC activity in the ECMFS will vary based on phasing of the MJO is insightful. However, this knowledge does not provide any guidance as to whether a forecast is reliable. Forecast utility based on MJO phasing and intensity is displayed in Fig. 8 in terms of the conditional reliability of the intraseasonal forecasts, which is based on regional clusters of the MJO location at the time of model initialization and for events for which the amplitude of the MJO as determined by the Wheeler-Hendon MJO index is at least 1 standard deviation. The most reliable forecasts (i.e., close proximity to the diagonal line) occur when the MJO is initially in the Indian Ocean (phases 1-3). During the June-October period for 2008-09, 42% of all weekly forecasts were initialized when the MJO was initially centered in this region, and for this condition the model provides excellent reliability for forecast TC probability levels from 0% to 40%. Between the forecast thresholds of 50%-80%, the forecasts of Atlantic TC activity have no significant improvement over the 40% threshold. However, the probability levels from 80% to 100% tend to be more reliable, as they verify 50%-80% of the time, respectively.
Outside the time periods during which the MJO is initially located in the Indian Ocean, the reliability of the ECMFS forecasts of TC activity is significantly limited ( Fig. 8) . When the MJO is located in either the western North Pacific (phases 4-5) or the Western Hemisphere (phases 6-8), forecast probability levels of TC activity between 0% and 60% are in agreement with observations less than 20% of the time, which in fact is even less reliable than a TC climatology forecast (not shown). Although reliability beyond the 60% forecast probability level increases, this apparent improvement in forecast utility is likely an artifact of the limited sample size for cases that exceed 60% (see Fig. 8 inset) . From this reliability analysis in conjunction with the spatial composites of TC activity conditioned on the phase of the MJO, Atlantic TC predictability on intraseasonal time scales using the ECMFS appears to reside during time periods in which the MJO is convectively active and initially located in the Indian Ocean.
One caveat to these results is that they are based on only two years of data, with one year (2009) having lowerthan-normal MJO variability. The amplitude of the MJO during June-October 2008 was on average larger than in 2009, with the active convective phase located mostly in phases 1-3 during 2008 (Figs. 9a,b ). Although these two seasons provide some indication on how Atlantic TC activity in the ECMFS may respond to the MJO, a larger sample of monthly forecasts that includes greater MJO variability along with unique background states (i.e., ENSO) is needed to confirm this sensitivity.
Conclusions
The predictability of TC activity in the tropical North Atlantic using the ECMWF Monthly Forecast System has been evaluated in terms of Brier skill scores, regional relative operating characteristic scores, and reliability diagrams to determine the conditional bias of the forecast scheme. From the BSS analysis, the tropical Atlantic regions that have forecast skill include the Main Development Region, west Atlantic, northern Caribbean Sea, and Gulf of Mexico during the first 2 weeks. For week 3 forecasts, forecast skill is only found for the southern Gulf of Mexico and MDR, and at longer lead times the only skill is in the central MDR. Regional weekly ROC scores indicate that week-1 forecasts have low false-alarm rates for most regions of the tropical Atlantic (excluding the Caribbean Sea) and increasing probabilities of detection as the decision threshold is increased. Even at longer time scales, the four regions have forecast skill through weeks 3 and 4 with average ROC scores of 0.75 for the MDR and 0.65 for the Gulf of Mexico, Caribbean Sea, and west Atlantic.
To evaluate why the ECMFS is able to produce skillful TC forecasts on intraseasonal time scales, the model's ability to forecast vertical wind shear is examined. For the Gulf of Mexico and MDR, the monthly forecasts explain nearly one-third of the observed variability in deep-layer vertical wind shear through 4 weeks. The regions of positive BSS and high ROC scores as a function of time coincide with the same regions as high vertical wind shear predictability.
We also determine whether the frequency of AEWs modulates TC predictions from the ECMFS. Although on interannual time scales AEW frequency only weakly impacts North Atlantic TC frequency (Frank 1975; Thorncroft and Hodges 2001; Hopsch et al. 2007) , around 25% of the total variance in TC activity predicted by the ECMFS is associated with the frequency of AEWs. Furthermore, the spatial pattern of higher covariability values coincides with regional locations that featured skillful TC forecasts, including the Gulf of Mexico and the MDR, which indicates that AEW frequency is an important contributor on intraseasonal time scales. Although this analysis has shown that vertical wind shear variability and easterly wave activity affect Atlantic TC predictability in the ECMFS, additional research is still necessary to determine the role of other environmental variables such as column-integrated specific humidity, upper-(lower-) level divergence (convergence), and midlatitude trough interactions. Following Vitart (2009) , phasing and amplitude of the MJO are considered to modulate TC predictions in the tropical Atlantic and, ultimately, their reliability. When the MJO is centered in the Indian Ocean at the time of model initialization, the ECMFS will typically predict elevated levels of TC activity during the 32-day forecast period in a region from the MDR into the west Atlantic. When the MJO is located in the west Pacific, the ECMFS predicts TC activity will be below climatology in the western North Atlantic. When the active convective phase of the MJO is in the Western Hemisphere, elevated TC probability levels according to the ECMFS are confined to the western Caribbean and southern Gulf of Mexico. These results are qualitatively consistent with Vitart (2009) , who found that MJO phases 2-3 (6-7) at the time of model initialization cause an increase (decrease) of TC activity across the North Atlantic. When the reliability analysis of the ECMFS is conditioned on MJO location and amplitude, the most reliable TC forecasts from the model occur when the convectively active MJO is initially located in the Indian Ocean. The dynamical interpretation is that because the MJO propagates slowly, when the convectively active phase is over the Indian Ocean (phases 2 and 3), favorable environmental conditions for TC formation will generally occur in the Atlantic for at least the first 2 weeks of the prediction. When the MJO is not centered in the Indian Ocean at the time of model initialization, reliability is significantly degraded as forecast probability levels between 0% and 60% verify less than 20% of the time with observations. Since the sensitivity analysis of the ECMFS to the MJO uses only two years of data, with 2009 having lower MJO variability than 2008, additional research is necessary to verify these results with a larger sample of monthly forecasts forced from unique climate states and with greater MJO variability.
The findings from the spatial skill analysis in conjunction with work by Vitart (2009) provide evidence that dynamically based TC forecasts on intraseasonal time scales can be produced for the tropical North Atlantic. Further research is still needed to identify whether it is possible to extract additional TC predictability information from the MJO by improving how the ECMFS propagates a weaker MJO signal. Even considering the current dynamical model limitations, a statistical-dynamical method might be developed in which intraseasonal forecasts of TC activity in the tropical Atlantic would utilize these dynamical predictions during times when the MJO is convectively active and initially located in the Indian Ocean. During other time periods in which the ECMFS is expected to be less reliable, statistical methods (e.g., Leroy and Wheeler 2008) could be applied. Since Maloney and Shaman (2008) have linked intraseasonal precipitation variability of the West African monsoon and Atlantic ITCZ to TC frequency in the tropical Atlantic, further research is warranted to understand whether the ECMFS is capable of predicting this additional source of intraseasonal variability and its impact on tropical Atlantic TC activity.
